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ABSTRACT. The relationship among the free amino acid content, the expression of genes related to branched-chain
amino acid metabolism {branched-chain aminotransferase [BCAT], a-keto acid decarboxylase [pyruvate decarbox-
ylase (PDC)], and threonine deaminase [TD]}, and the production of branched-chain (BC) esters during ripening and
senescence in ‘Jonagold’ apple fruit (Malus ·domestica) was studied. Eighteen amino acids were measured by liquid
chromatography coupled with tandem mass spectrometry. The content for all amino acids changed with devel-
opmental stage and some shared similar patterns of accumulation/diminution. The pattern for isoleucine differed
from all other amino acids, increasing more than 20-fold during the ripening process. The onset of the increase was
concomitant with the onset of increasing ethylene and BC ester production and the content remained elevated even
during senescence. The elevated isoleucine levels are consistent with an increase in the flux through the pathway
leading to the formation and degradation of the isoleucine precursor a-keto-b-methylvalerate, which is used for
production of BC esters containing 2-methylbutanol and 2-methylbutanoate moieties. Unexpectedly, the content of
threonine, the amino acid from which isoleucine is thought to be derived in plants, did not change in concert with
isoleucine, but rather declined somewhat after ripening was well underway. Patterns in the expression of some, but
not all, of the putative BCAT and PDC genes appeared to reflect the rise and fall in ester formation; however, the
expression of putative TD genes did not change during ripening. The patterns in gene expression and amino acid
content are interpreted to suggest that the synthesis of a-keto-b-methylvalerate and isoleucine during apple ripening
may depend on an as yet uncharacterized pathway that bypasses threonine, similar to the citramalate pathway found
in some bacteria.

Esters are the primary aroma impact compounds produced in
ripening apple fruit and normally account for 80% to 95% of the
total volatiles emitted (Paillard, 1990). Fresh apples autonomously
produce an abundance of hexyl acetate, butyl acetate, and 2-
methylbutyl acetate, which confer typical apple aroma character-
istics (Paillard, 1990). The esters are largely composed of either
straight- or branched-chain alkyl (alcohol-derived) and alkanoate
(acid-derived) groups. The ester product is formed from the
condensation of an alcohol and a Co-A derivative of a carboxylic
acid by alcohol acyltransferase (AAT) (Ueda and Ogata, 1977).
Ester precursors are suggested to be produced primarily by
degradative processes. Straight-chain ester precursors have been
proposed to form from fatty acid degradation through b-oxidation
or the lipoxygenase system (Sanz et al., 1997) and BC ester
precursors have been proposed to be derived from branched-chain
amino acid (BCAA) degradation (Gonda et al., 2010; Rowan
et al., 1996; Tressl and Drawert, 1973; Wyllie and Fellman, 2000).

The BC a-keto acids, a-keto-b-methylvalerate, a-keto-
isovalerate, and a-ketoisocaproate are substrates for the

synthesis of the three BCAAs, isoleucine, valine, and leucine,
respectively. The reaction is catalyzed by one or more BCAT
proteins (Fig. 1). This reversible reaction is also the first
step in BCAA degradation. Feeding studies have demon-
strated that labeled leucine yields 3-methylbutanol and
3-methylbutanoate and their respective esters, valine metabolism
produces 2-methylpropanol and 2-methylpropanoate and their
respective esters, and isoleucine yields 2-methylbutanol and
2-methylbutanoate and their respective esters (Pérez et al., 2002;
Rowan et al., 1996, 1998; Tressl and Drawert, 1973; Wyllie and
Fellman, 2000; Wyllie et al., 1996). The BC a-keto acids are in
approximate equilibrium with their respective BCAAs (Tewari
et al., 2000), so it is expected that the pools of BCAAs roughly
mirror the pools of their respective BC a-keto acids. Because the
BC a-keto acids, not the BCAAs, serve as direct substrates for
the reactions leading to the formation of alkyl and alkanoate BC
precursors to BC esters, it might be more correctly stated that BC
a-keto acids, rather than BCAAs, are most immediately related
to ester precursor formation. In fact, BC esters can be produced
directly from exogenously supplied BC a-keto acids (Gonda
et al., 2010), which suggests that the BC esters can be formed
without participation of the BCAAs. To some extent, therefore,
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in apple fruit, 2-methylbutyl- and 2-methylbutanoate esters can
be thought to result from enhanced catabolism of a-keto-b-
methylvalerate, the precursor to isoleucine, rather than isoleucine
per se.

In apples, esters originating from a-keto-b-methylvalerate
(isoleucine precursor) predominate and those from a-keto-
isovalerate (valine precursor) can be detected occasionally at
low levels (Ferenczi, 2003; Mattheis et al., 1998; Ortiz et al.,
2010; Plotto et al., 2000; Sugimoto, 2007). Although a small
amount of leucine is found in ripening apple fruit (Burroughs,
1970; Hansen, 1970), there are few esters produced from
a-ketoisocaproate (leucine precursor). During apple fruit rip-
ening, isoleucine has been reported to accumulate, but not the
other BCAAs (Defilippi et al., 2005; Nie et al., 2005). The
increase in isoleucine is accompanied by an increase in its
respective BC esters, BC alcohols, and BC aldehydes (Nie
et al., 2005; Pérez et al., 2002; Tressl and Drawert, 1973).

The interconversion of a-keto-b-methylvalerate to the
alcohol required for 2-methylbutyl esters is through two enzy-
matic steps. The first involves its decarboxylation by BC
a-ketoacid decarboxylase (BC 2-ketoacid decarboxylase or
PDC) to 2-methylbutanal. In the second step, 2-methylbutanal
is acted on by alcohol dehydrogenase to form 2-methylbutanol
(Wyllie et al., 1996). The conversion of a-keto-b-methylvalerate

to acids required for 2-methylbutanoate esters is through de-
hydrogenation by branched-chain a-ketoacid dehydrogenase to
2-methylbutyl-CoA. The dehydrogenase pathway is considered as
a major route for BCAA catabolism in most organisms, whereas
the PDC pathway has been extensively studied only in yeast and
bacteria (Dickinson et al., 1997, 1998, 2000; Smit et al., 2004).

In the final enzymatic step of the BC ester biosynthetic pathway,
AAT combines 2-methylbutyl-CoA and/or 2-methylbutanol with
various alcohols and acyl-CoAs, respectively, to create a wide
variety of esters. The substrate specificity of AAT is believed to
markedly impact the ester profile (Aharoni et al., 2000; Olı́as et al.,
2002; Souleyre et al., 2005; Ueda et al., 1992; Yahyaoui et al.,
2002). However, the AAT of apple cannot discriminate between
2-methylbutyl and 3-methylbutyl precursors (Wyllie et al., 1996).
The predominance of 2-methylbutyl and lack of 3-methylbutyl
esters in apple therefore suggests that precursor formation and
availability is critical for BC ester biosynthesis. It is generally
accepted that AAT will influence the ester profile, but control of
ester synthesis probably lies at the level of ester precursor
formation (Ferenczi et al., 2006; Wyllie and Fellman, 2000).

Isoleucine is synthesized from threonine through aspartate in
plants. Aspartate originates from the tricarboxylic acid (TCA)
cycle and is used to synthesize several amino acids including
lysine, methionine, and threonine (Azevedo et al., 1997). To

Fig. 1. Putative (dashed lines) and demonstrated (solid lines) pathways involved in branched-chain ester biosynthesis. Genes in bold indicate that they are regulated
by feedback inhibition, threonine deaminase is inhibited by isoleucine, but stimulated by valine, acetohydroxy acid synthase [also known as acetolactate synthase
(ALS)] is inhibited by valine and leucine and 2-isopropylmalate synthase is inhibited by leucine. *The gene is found in bacteria but not in plants. Hydrogens in
carbon–hydrogen bonds are not shown. Numbers 1 and 2 in the putative pathway are considered to share the same enzyme in the leucine biosynthesis
isopropylmalate isomerase and 3-isopropylmalate dehydrogenase, respectively.
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synthesize isoleucine, threonine is deaminated to a-ketobutyrate
by TD (Binder, 2010) (Fig. 1). The isoleucine precursor, a-keto-
b-methylvalerate, is synthesized from a-ketobutyrate by three
enzymes: acetohydroxy acid synthase [also known as acetolactate
synthase (ALS)], acetohydroxy acid isomero-reductase, and
dihydroxy-acid dehydratase acting in succession. These enzymes
also catalyze the formation of a-ketoisovalerate from pyruvate
to synthesize valine. Leucine synthesis, however, begins with
the valine precursor, a-ketoisovalerate, which is acted on by
three enzymes, 2-isopropylmalate synthase (IPMS), isopropyl-
malate isomerase, and 3-isopropylmalate dehydrogenase, to
form a-ketoisocaproate.

Biosynthesis of all three BCAAs is responsive to feedback
regulation. TD is inhibited by isoleucine but stimulated by valine,
ALS is inhibited by valine and leucine, and IPMS is inhibited by
leucine (Eisenstein, 1991; Singh and Shaner, 1995; Wessel et al.,
2000). The accumulation of isoleucine in some ripening apple
fruit (Nie et al., 2005) is not consistent with its known
regulation by feedback inhibition.

To our knowledge, detailed information about the concen-
tration of the free amino acids in apple throughout ripening and
senescence is not available. The objective of this work was to
examine the relationship among the free amino acid content, the
expression of genes related to BCAA metabolism, and the
production of BC esters during apple fruit ripening.

Materials and Methods

PLANT MATERIAL. ‘Jonagold’ apples were harvested for
examination every 3 to 4 d from research plots at the Michigan
State University Clarksville Horticultural Experiment Station in
Clarksville from 2 Sept. 2004 (Day 0) until ripening was fully
engaged on 7 Oct. 2004 (Day 35). On each occasion, fruit were
held overnight in the laboratory to equilibrate to laboratory
temperature (20 ± 1 �C) and covered with ventilated, black,
0.1-mm-thick plastic bags to avoid desiccation and responses
to intermittent laboratory light before analysis. All fruit (�200)
remaining on the trees were harvested and transported to the
laboratory on 7 Oct. 2004 (Day 35) after it was apparent that
ripening was underway. This was done to avoid damage in the
field resulting from freezing and fruit drop. Thereafter, these fruit
were maintained at room temperature (20 ± 1 �C), covered with
plastic bags to minimize moisture loss as described previously,
and subsequently examined every 3 to 4 d until the conclusion of
the study on 23 Nov. 2004 (Day 81).

On each evaluation date, 20 apples were randomly chosen and
the internal ethylene content of each was measured as described
subsequently. Of these, 14 fruit having an internal ethylene
content nearest the median were selected for further analysis.
The four fruit having ethylene levels closest to the median were
used for analysis of CO2 production and ester emission. Maturity
analysis [percent red coloration, background color, soluble solids
concentration (%), and starch index] was performed on the
remaining 10 fruit on each date as described by Mir et al. (2001).
From these fruit, the skin and 2 to 3 mm of underlying cortex
tissue were removed and immediately frozen in liquid nitrogen
and stored at –80 �C. Two replicates were created, each
consisting of pooled tissue samples from five fruit. Pooled tissue
samples were used for amino acid and gene expression studies.

MEASUREMENT OF INTERNAL ETHYLENE. The internal ethylene
content of apple fruit was determined by withdrawing a 1-mL gas
sample from the interior of the apples and subjecting the gas

sample to gas chromatography (GC) analysis (Carle Series 400
AGC; Hach Co., Loveland, CO) as previously described (Mir
et al., 2001). The GC was fitted with a 6-m-long, 2-mm i.d.
stainless-steel column packed with activated alumina and was
equipped with a flame ionization detector. The ethylene de-
tection limit was �0.005 mL�L–1. Ethylene concentrations were
calculated relative to the certified standard (Matheson Gas
Products, Montgomeryville, PA) containing 0.979 mL�L–1 eth-
ylene, 4.85% CO2, and 1.95% O2 balanced with N2.

MEASUREMENT OF RESPIRATION. Respiration was sampled at
the same time volatiles were measured. Apples were each placed
into 1-L Teflon chambers (Savillex, Minnetonka, MN) and held
for 20 min at 20 �C. CO2 accumulation was measured by
withdrawing 0.1-mL gas samples from a sampling port in the lid
of the chamber, which was sealed with a Teflon-lined half-hole
septum (Supelco, Bellefonte, PA) using an insulin-type plastic
syringe. The gas sample was injected into an infrared gas analyzer
(Model 225-MK3; Analytical Development Co., Hoddesdon,
U.K.) operated in a flow-through mode with N2 as the carrier
gas and a flow rate of 100 mL�min–1. The CO2 concentration was
calculated relative to the certified standard noted previously.

VOLATILE ANALYSIS. Ester, alcohol, and aldehyde measure-
ment was by GC coupled with time-of-flight mass spectrometry
(TOFMS). Headspace volatiles were sampled using a 1-cm
long, solid-phase microextraction (SPME) fiber (65 mm PDMS-
DVB; Supelco). After a 3-min sorption time, the SPME fiber
was immediately transferred to a GC (HP-6890; Hewlett-
Packard, Wilmington, DE) splitless injection port at 230 �C and
desorbed for 2 min. The GC was equipped with a mass selective
detector (Pegasus II; LECO, St. Joseph, MI). Conditions of GC
separation and TOFMS analysis were as previously described
(Song et al., 1997). Identification of compounds was by
comparison of the mass spectrum with authenticated reference
standards and/or with spectra in the National Institute for
Standard and Technology mass spectrum library (Version 05).
Volatile compounds were quantified by calibrating with a
known amount of an authenticated, high-purity standard mix-
ture of 20 volatilized alcohols, aldehydes, and esters as pre-
viously described (Song et al., 1997). Where no standard was
available, volatiles were quantified by estimation of the in-
strument response factor based on the Kovats index for the
compound of interest (Bartelt, 1997). There were four replicate
samples on each analysis date.

ISOLATION OF RNA. Eight developmental stages were se-
lected for analysis of expressed genes based on physiological
changes during ripening (Fig. 2). These stages are: Stage 1 (Day
0), early climacteric; Stage 2 (Day 11), late preclimacteric and
onset of trace ester biosynthesis; Stage 3 (Day 25), onset of
autocatalytic ethylene and rapid increase of ester biosynthesis;
Stage 4 (Day 32), half-maximal ester biosynthesis and engage-
ment of the respiratory climacteric; Stage 5 (Day 39), near
maximal ester biosynthesis, peak in respiratory activity, and
onset of rapid tissue softening; Stage 6 (Day 49), end of maximal
ester biosynthesis, conclusion of the respiratory climacteric, and
completion of tissue softening; Stage 7 (Day 60), midpoint in the
decline in ester biosynthesis, maximal ethylene production, and
onset of senescence; and Stage 8 (Day 70), postclimacteric
minimum in ester production and extensive fruit senescence.

Approximately 5 g of ‘Jonagold’ apple skin and 2 to 3 mm of
underlying cortex tissue was used to isolate total RNA by hot
borate/phenol extraction followed by LiCl precipitation
(López-Gómez and Gómez-Lim, 1992).
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SEMIQUANTITATIVE REVERSE TRANSCRIPTION–POLYMERASE

CHAIN REACTION ANALYSIS. The expression of 10 BCAT, six
PDC, and two TD genes, and the 18S ribosomal RNA (18s rRNA)

gene (Table 1) was measured using semiquantitative polymerase
chain reaction (PCR) analysis. Contigs of BCAT, PDC, and TD
were assembled using all available expressed sequence tags

(ESTs) in the non-redundant nucleotide data-
base of the National Center for Biotechnology
Information (NCBI). The methods used to
identify ESTs for the creation of contigs and
contig assembly and annotation were as de-
scribed in Park et al. (2006). With the excep-
tion of BCAT3, PCR primers were contained
within a single EST used for assembling
contigs. For BCAT3, the forward primer spans
two ESTs, CO541320 and CO899974. The
BCAT10 clone (CO868030) was donated by
S.S. Korban (University of Illinois, Urbana–
Champaign) and was re-sequenced from the
3# end at the Genomics Technology Support
Facility (GTSF) of the Genomics Core in
Michigan State University, East Lansing. The
PDC1 clone (CK900568) was re-sequenced
from the 3# end at GTSF. The resulting se-
quences were used to generate primers for PCR
analysis.

For each PCR analysis, two biological
replicates were used with the exception of
TD for which only one replicate was analyzed.
cDNA synthesis and PCR reactions were
performed using commercially available kits

Fig. 2. Internal ethylene, total volatiles [in total ion count (TIC)] and CO2 production in pre-climacteric
through post-climacteric ‘Jonagold’ apples. Fruit were examined from 2 Sept. 2004 (Day 0) to 23
Nov. 2004 (Day 81). Fruit were collected from the field until 7 Oct. 2004 (Day 35) and thereafter
maintained at room temperature (21 ± 1 �C). Each symbol represents the average of four replications.
Vertical bars represent mean ± SD. Eight time points (Days 0, 11, 25, 32, 39, 49, 60, 70) were selected
for amino acid and gene expression analyses based on distinct physiological stages.

Table 1. Putative branched-chain aminotransferase (BCAT), pyruvate decarboxylase (PDC), threonine deaminase (TD) genes and the 18S
ribosomal RNA (18s rRNA) gene with accession number, GenBank number, forward and reverse primer sequence (5#/3#), and expected
polymerase chain reaction gene fragment size (bp) for semiquantitative reverse transcription–polymerase chain reaction.z

Target Accession no. GenBank no. Forward primer sequence Reverse primer Size sequence Cycles (bp) Temp (�C)y

PDC 1 JK045128 336041422 gcacaggattcttcaccaca cagcctctaagcccaaatga 275 27 55
PDC 2 CX025334 56435496 gatccctcgatgtctgcaag gcccacccacagtgaaagta 336 27, 29 59
PDC 3 CO754399 50889650 tggaccaccaaggttagcat cattccagcagctctttgct 215 33 57
PDC 4 CN945515 48418328 gcggtgagattgtggagtct accctcagaggctcatcctt 293 26, 27 57
PDC 5 CV567449 54464858 tctgttccaccacatccaga gtgtacccgccgttgtttat 307 28 57
PDC 6 CN491928 46609400 ggatcgattggttggtctgt tcttctcctccgttgctgtt 340 Failed 57
PDC 6 CN491928 46609400 gacggcccttacaatgtgat gggcggttattagcagttga 245 Failed 57
BCAT 1 DT003328 48122967 caccgaagttggttgagcag gagaacacgccttccttctg 290 35 57
BCAT 2 CV082955 71825936 gagtacgatcgtgcctctcg cacaggagcaacaccaacag 363 30, 32 57
BCAT 3 CO541320x 50353369 gggagaactcagtccggtta gggatttgcccatctgtacc 300 31 57
BCAT 4 CX024412 51239764 gtttgggagggtcttcgagt attacgacgggtggtagctg 333 31 57
BCAT 5 CN581127 56433559 tgcaactcctggtggtactg ccttcactacgagcaacgtc 258 32 57
BCAT 6 CO867683 46992677 cctgctccggagtacacatt ctggaatccttcgctacgag 369 29 57
BCAT 7 CN912350 51097833 cgatcacatggttcatcgag actgcatagaaagcgggtgt 279 33 57
BCAT 8 CV882612 48384850 agagggagggttctggtgtt gaggttgtcccattcgatgt 293 32 59
BCAT 9 CO903152 55857820 cctgacacaacatgggacac gttggtgcaggcatacacag 289 34 59
BCAT 10 JK045129 336041423 cccgagtccaaatcattcat tcgaagggtaccaggttgag 352 28, 31 59
BCAT 11 DT003206 51098180 ggtctcaaggcaatcaggac gctgcatccagaaagaggac 326 Failed 57
BCAT 11 DT003206 71825814 cttgcagccatgacttctga tcctgattgccttgagacct 325 Failed 57
TD1 CN878598 71825814 ggcaggtgctctttctcttg ggctgtatgcacaccaacac 304 29 59
TD2 CN945640 48264838 gcctccattctcatcacctc gatggccacgtcatacacct 323 31 59
18s rRNA DQ341382 48418453 gagaaacggctaccacatcc gagcgtaggcttgctttgag 390 18 59
zWith the exception of BCAT3, accession numbers represent one of the ESTs used in the assembly of contigs that contained the region between
the forward and reverse primers. Genes are included for which PCR was not successful. A single number in ‘‘cycles’’ indicates that the same cycle
was performed with biological replications 1 and 2. Two numbers indicate that different cycles were performed between biological replications
for optimum result.
yAnnealing temperature.
xForward primer spans two ESTs, CO541320 and CO899974.
ESTs = expressed sequence tags; PCR = polymerase chain reaction.
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according to manufacturer (Invitrogen, Carlsbad, CA) di-
rections. Before creating cDNA, total RNA was treated with
DNase using an RNase-free DNase kit according to the manufac-
turer (Qiagen, Valencia, CA). One microgram of DNase-treated
total RNA was reverse transcribed using oligo (dT)12-18 primer
or random hexamer and SuperScript II as described by the
manufacturer (Invitrogen). cDNA created with oligo (dT)12-18
primer was used for 18s rRNA, BCAT and PDC expression and
cDNA created with random hexamer were used for TD expres-
sion analysis. cDNAs (1.0 mL) were used as templates in a 50-mL
PCR reaction containing 10 mM of the forward and reverse gene-
specific primers. PCR primers were designed using Primer3
(Rozen and Skaletsky, 1999). Primer sequences, the expected
size of the PCR product, optimum cycle number, and optimum
temperature for primer binding are listed (Table 1). The PCR
reaction was performed as follows: 1) 5 min at 95 �C; 2) 30 s at
95 �C; 3) 30 s at 55 to 59 �C; 4) 30 s at 72 �C, repeating 18 to 35
cycles from Steps 2 to 4; and 5) final elongation 5 min at 72 �C.
The amplified PCR products were separated by electrophoresis
on a 1.5% (w/v) agarose gel, visualized with ultraviolet fluores-
cence of ethidium bromide, and photographed. Relative light
density of the bands was quantified by a digital imaging system
(EagleEye II; Stratagene, La Jolla, CA). To identify the optimum
cycle, the gene products amplified by PCR had to be visible on
the gel electrophoresis and be quantifiable by light density
measurement without saturation of pixels. The number of PCR
cycles needed ranged from 26 to 35 (Table 1). A single number
indicates that the same cycle was performed with both biological
replications. Two numbers indicate that different number cycles
were performed for each replicate. PCR reactions for two PDC
genes and one BCAT gene were unsuccessful.
No products were evident for PDC6 and
BCAT11 after two trials using different
primers and PDC7 was too short to design
appropriate primers.

PCR products were cleaned using a PCR
purification kit (QIAquick; Qiagen) and se-
quenced at GTSF to verify identity. All the
PCR-generated sequences were 98% to
100% identical to apple fruit ESTs as
reported in NCBI.

A partial sequence of the 18s rRNA gene
(gi:85717895) was used as an internal control
for PCR analyses. Expression data for all
genes (PDC, BCAT, and TD) were normal-
ized based on the 18s rRNA spot density. The
spot density for the 18s rRNA varied�± 10%
across the eight developmental stages (data
not shown). The values for PCR are calculated
as the spot density relative to the maximum
value obtained for each gene.

AMINO ACID EXTRACTION. The same eight
developmental stages that were selected for
gene expression analysis as described previ-
ously were used for amino acid analysis (Fig.
2). Two biological replicates were created
within the same stage as previously described.

Approximately 5 g of the frozen apple
tissue was ground into fine powder using
a liquid N2-cooled mortal and pestle. The
ground tissue was further divided into three
technical replicates, each containing 0.5 g of

tissue. The powdered tissue was transferred into 1 mL of
preheated water containing 10 mM deuterated methionine (Met-
d3) (Cambridge Isotope Laboratories, Andover, MA) as an
internal standard, mixed vigorously, and incubated at 90 to
95 �C for 10 min. After centrifugation at 5000 gn for 5 min, the
supernatant was filtered through a 0.45-mm filter (Millex HA;
Millipore, Billerica, MA). The cleared filtrate was diluted into
one-fifth of its original concentration with water containing the
internal standard and used for analysis.

AMINO ACID ANALYSIS. The 20 amino acids (Sigma-Aldrich,
St. Louis, MO) listed in Table 2 were dissolved in water
containing 10 mM Met-d3 to make individual stock solutions of
1 mM. A master mixture was created by mixing all 20 amino acids
to a final concentration of 50 mM each. A series of six working
standards ranging from 0.5 to 40 mM, each containing 10 mM
Met-d3, was prepared by serial dilutions from the 50 mM master
mixture using water containing the internal standard. Amino acid
samples were quantified by calibration curves obtained from six
working standards using linear regression plotting amino acid
concentration as a function of ratio of the amino acid peak area to
the Met-d3 peak area.

Amino acids were analyzed using a tandem mass spectrom-
eter (Quattro micro; Waters, Milford, MA) coupled to a high-
pressure liquid chromatograph (LC-20AD HPLC; Shimadzu,
Columbia, MD) equipped with an autosampler (SIL-5000;
Shimadzu). The 2.1 · 100-mm column was packed with
a 3.5-mm-diameter C18 stationary phase (Symmetry; Waters)
and held isothermally at 30 �C. Injection volume was 10 mL and
solvents used were 1 mM perfluoroheptanoic acid (mobile Phase
A) and acetonitrile (mobile Phase B); the flow rate was held

Table 2. The liquid chromatography coupled with tandem mass spectrometry (MS/MS)
conditions for 21 amino acids including deuterated methionine (methionine-d3) were
optimized for m/z, cone voltage, collision voltage, and retention time.z

Compound
Mass of parent >

daughter ions (m/z)
Cone

voltage (V)
Collision

voltage (V)
Retention
time (min)

Function
no.

Alanine 89.9 > 44.0 18 15 1.53 1
Arginine 175.0 > 69.9 26 20 3.91 2
Asparagine 132.9 > 86.9 26 20 1.13 1
Aspartate 133.9 > 73.8 18 15 1.09 1
Cysteine 122.0 > 75.9 20 15 1.28 1
Glutamine 146.9 > 130.0 18 15 1.22 1
Glutamate 147.9 > 83.9 18 15 1.18 1
Glycine 75.9 > 30.2 18 40 1.3 1
Histidine 156.0 > 110.0 18 15 3.51 2
Isoleucine 132.0 > 69.0 18 15 3.06 2
Leucine 132.0 > 30.0 18 15 2.88 2
Lysine 146.9 > 84.0 18 15 3.73 2
Methionine 149.9 > 104.0 18 15 2.21 2
Phenylalanine 166.0 > 120.0 18 15 3.2 2
Proline 116.0 > 69.9 26 15 1.51 1
Serine 105.9 > 59.8 18 15 1.18 1
Threonine 120.0 > 56.9 26 25 1.35 1
Tryptophan 205.0 > 188.0 18 15 3.57 2
Tyrosine 182.0 > 136.1 18 15 2.19 2
Valine 118.0 > 71.9 18 15 2.14 2
Methionine-d3 153.0 > 107.0 18 15 2.21 2
zThe parent mass corresponds to amino acid molecular mass plus hydrogen ion and the
daughter ion is used for MS/MS, specific m/z for selection of the amino acid. The data
acquisition was split into two functions, function no. 1 (0 to 1.8 min) and function no. 2 (1.8
to 6.0 min).
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constant at 0.3 mL�min–1. The gradient pro-
gram was as follows: 98% mobile Phase A and
2% mobile Phase B at start, 20% mobile Phase
B after 0.1 min, increasing to 40% mobile
Phase B at 2.3 min, and decreasing to 2%
mobile Phase B at 4.1 min for re-equilibration
of the column. The total run time was 6 min.
Mass spectra were acquired using electrospray
ionization in positive ion mode. The capillary
voltage was 3.17 kV, the extractor voltage was
4 V, the rf lens was held at 0.3 V, the cone gas
flow rate was 20 L�h–1, the desolvation gas flow
rate was 400 L�h–1, the source temperature was
110 �C, and the desolvation temperature was
350 �C as described in Gu et al. (2007). The
data acquisition method was split into two
functions, the first from 0 to 1.8 min and the
second from 1.8 to 6.0 min. Ten multiple
reaction monitoring transitions were included
in Function 1 and 11 in Function 2. Function
number, collision energies, and masses of
observed ions for each amino acid are listed
in Table 2. Data were collected and quantified
with proprietary software (MassLynx 4.0 and
QuanLynx; Waters).

Results

FRUIT MATURATION. Skin color (percent of
redness) increased from 22% on Day 0 to over
95% by Day 39 (data not shown). Background
color (green = 5, yellow = 1) had a reciprocal
pattern relative to red color development,
beginning at 5 (green) on Day 0 and gradually
decreasing to 1 (yellow) on Day 81 (data not
shown). Starch conversion to sugars, as mea-
sured by the starch index (1 to 8) started at 2 on
Day 0 and increased linearly with time, reaching
a maximum of 8 on Day 32 (data not shown).
The pattern for soluble solids was similar to that
of starch conversion; the initial soluble solid
was 12% on Day 0 and reached its maximum
of 16% on Day 39 (data not shown). Fruit in-
ternal ethylene concentration (IEC) remained
low until Day 18 (0.1 mL�L–1 or less) (Fig. 2), after which time
IEC rose above 0.2 mL�L–1 by Day 21. The autocatalytic increase
in ethylene did not occur until after Day 32 with IEC increasing
to over 500 mL�L–1 by Day 60. The respiratory climacteric
occurred after Day 32 and appeared to be complete by Day 49.

BRANCHED-CHAIN ESTERS. Esters were first detected at very
low levels as early as Day 14, 1 week before ethylene levels
greater than 0.2 mL�L–1 were sustained. As the ethylene content
exceeded 0.2 mL�L–1, a rapid and large increase in ester
biosynthesis began. Total ester production increased coincident
with increased ethylene accumulation in the fruit (Fig. 2). The
pattern for BC esters was generally similar to that for total esters,
but had a higher, sharper initial peak for 2-methylbutanol esters
(Fig. 3A–B). 2-Methylbutanol esters (2-methylbutyl acetate and
2-methylbutyl butanoate) had a lower diversity, but were
approximately twice as abundant as 2-methylbutanoate esters
(ethyl-, propyl-, butyl-, pentyl-, and hexyl 2-methylbutanoate).
The most abundant 2-methylbutanoic acid-derived BC esters

were hexyl and butyl 2-methylbutanoate, and the most abundant
2-methylbutanol-derived BC ester was 2-methylbutyl acetate.
2-Methylbutanol and 2-methylbutanal production patterns were
similar to those for 2-methylbutanol-derived esters; both peaked
on Day 39 and declined rapidly thereafter, then undergoing a slow
increase as ripening and senescence continued (Fig. 3C). Free
2-methylbutanoic acid was not detected.

AMINO ACIDS. Two amino acids, glycine and cysteine, were
not quantifiable because of limitations with the methodology
used, but the remaining 18 amino acids were quantified readily.
Patterns of change in amino acid content during fruit development
were diverse and could be classed as declining, moderately
increasing, increasing markedly, declining and then increasing,
or increasing and then declining (Fig. 4). Six amino acids, alanine,
arginine, aspartate, glutamate, serine, and threonine, decreased
relatively steadily throughout ripening, decreasing to 15% to 20%
of preclimacteric levels. Three amino acids, leucine, tryptophan,
and valine, increased moderately (two- to threefold). Asparagine,

Fig. 3. Patterns of 2-methylbutanol and 2-methylbutanoate esters, 2-methylbutanol, and 2-methylbutanal
production during ripening and senescence of ‘Jonagold’ apple. The volatile profile was tracked from
early September (Day 0) until late November (Day 81). The fruit were collected from the field until 7
Oct. 2004 (Day 35) and thereafter maintained at room temperature (indicated by dashed vertical line).
(A) Internal ethylene and CO2 production. (B) Total 2-methylbutanol and 2-methylbutanoate esters
production. (C) 2-Methylbutanol and 2-methylbutanal production. Each symbol represents the average
of four replications. Vertical bars represent mean ± SD.
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glutamine, phenylalanine, and methionine contents decreased as
fruit began to ripen and then gradually increased during the latter
phase of senescence. The concentration of histidine, lysine,
proline, tyrosine, and tryptophan peaked in concert with the
respiratory climacteric. Isoleucine was the only amino acid to
increase continuously during ripening with the onset of the
increase coincident with the increase in internal ethylene
content. The final concentration of isoleucine was more than
20-fold higher than preclimacteric levels. The compositional
change in isoleucine (isoleucine as a percent of total amino acids)
shifted almost 85-fold from 0.13% to 11% of total amino acids in
unripe to ripe fruit. Isoleucine levels at their peak were 10- and
20-fold higher than valine and leucine, respectively.

GENE EXPRESSION RELATED TO

B R A N C H E D-C H A I N A M I N O A C I D

METABOLISM. Of the 11 putative
BCAT genes, 10 were expressed in
the fruit (Table 1). Of these, four
(BCAT1, BCAT6, BCAT9, and
BCAT10) had expression patterns
peaking on Day 32 then declining
thereafter, and one (BCAT2) had an
expression pattern that peaked on
Day 39 then declined thereafter
(Fig. 5A). The remaining five puta-
tive BCAT genes (BCAT3, BCAT4,
BCAT5, BCAT7, and BCAT8) had
relatively stable expression until
approximately Day 25, then de-
clined slightly as ripening and se-
nescence progressed (Fig. 5B). The
change in expression of the BCAT
genes was not great; increases (rel-
ative to initial) were no greater than
40% and decreases (relative to max-
imum) were no greater than 80%.

Of the seven putative PDC
genes, five were detected as being
expressed in the fruit. Expression
patterns for the five genes differed,
but only one (PDC1) underwent
a sustained increase during ripen-
ing and senescence (Fig. 6). Of the
remaining four, one (PDC4) rapidly
increased on Day 32 and declined
thereafter, one (PDC5) was stable
throughout ripening and slightly in-
creased during senescence, and two
(PDC2 and PDC3) had their highest
expression before the climacteric
peak and gradually declined after-
ward. With the exception of PDC5,
most of the PDC genes had a rela-
tively high expression compared
with the BCAT genes based on
PCR cycle numbers (Table 1).

The two putative TD genes (TD1
and TD2) were expressed in the fruit
(Table 1). Unlike BCAT and PDC
genes, expression for TD1 and TD2
remained constant during ripening
(Fig. 7). Based on the PCR cycles

required to obtain an adequate signal, the abundance of TD1
and TD2 transcription products was similar to that for the bulk
of the putative BCAT genes.

Discussion

MATURATION. The progression of fruit maturity indices for
‘Jonagold’ is consistent with those previously published (Beaudry
et al., 1993; Schwallier et al., 1995). The onset of ester synthesis
with the rise in ethylene is also consistent with the fact that
ethylene action is required for the synthesis of ripening-related
esters in apple fruit (Defilippi et al., 2005; Ferenczi et al., 2006;
Mir et al., 1999; Song and Bangerth, 1996).

Fig. 4. Ontogeny of amino acid content in pre-climacteric through post-climacteric ‘Jonagold’ apples. Fruit were
examined from 2 Sept. 2004 (Day 0) to 23 Nov. 2004 (Day 81). Fruit were collected from the field until 7 Oct.
2004 (dashed line, Day 35) and thereafter maintained at room temperature (21 ± 1 �C). Eight time points (Days 0,
11, 25, 32, 39, 49, 60, 70) were selected for amino acid analysis based on distinct physiological stages. There
were total of six replications, two biological and three technical replications.
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ESTER SYNTHESIS. The diversity and quantity of esters that
apple fruit produce are cultivar-specific (Dixon and Hewett, 2000;
Kakiuchi et al., 1986; Paillard, 1990). With regard to the synthesis
of BC esters, some cultivars produce much greater quantities than
others. Based on its copious production of 2-methylbutyl and 2-
methylbutanoate esters, ‘Jonagold’ can be classified as a BC ester-
producing cultivar as are the cultivars Bisbee Delicious (Mattheis
et al., 1991a, 1991b), Redchief Delicious (Ferenczi, 2003), Rome
(Fellman et al., 1993), and Golden Delicious (Song and Bangerth,
1996). There are cultivars that could be classified as low BC pro-
ducers such as Annurca (Lo Scalzo et al., 2001). The mainte-
nance of a high rate of production of 2-methylbutyl esters
throughout ripening and senescence suggests a consistent pro-
duction of 2-methylbutanol, which had a pattern of production
that reflected that of 2-methylbutyl esters. It may be that high
BC ester-producing lines also produce elevated levels of
a-keto-b-methylvalerate, the isoleucine precursor. However,
to our knowledge, no analysis has been performed to test this
relationship.

PATTERNS OF AMINO ACID CONTENT AND GENE EXPRESSION.
Total amino acid content in unripe fruit was similar to that
quantified in wild-type ‘Columbia’ arabidopsis (Arabidopsis

thaliana) seeds (Lu et al., 2008). Although the free amino acid
content in apple fruit was not directly comparable to previously
studies on amino acids in apples (Ackermann et al., 1992;
Burroughs, 1957; Defilippi et al., 2005; Nie et al., 2005) as a result
of methodological differences, comparison of the fraction of each
amino acid was possible. Averaging across developmental stages,
asparagine (45%), aspartate (16%), glutamate (23%), and serine
(5%) were the major amino acids in ‘Jonagold’ fruit and
accounted for more than 80% of the quantified 18 amino acids.
These four amino acids were also found to predominate in the
cultivars Court Royal, Morgan Sweet, Reine des Pommes, Kingston
Black, Yarlington Milll, and Dabinett (Burroughs, 1957); Collaos,
Meana, Picona Rayada, and Raxao (Blanco Gomis et al., 1992);
Granny Smith (Magné et al., 1997); and Glockenapfel (Ackermann

Fig. 5. Expression of putative branched-chain aminotransferase (BCAT) genes
for ‘Jonagold’ apple fruit ripened at room temperature performed by
semiquantitative reverse transcription–polymerase chain reaction. The
graph’s panels A and B were separated by expression pattern purpose only.
The values are based on spot density relative to maximum value. 18S
ribosomal RNA was used as a control. All data are normalized relative to
control gene spot density. The control gene spot density ranged between
0.78 and 0.98. Each symbol represents the average of two replicate
measurements. The average pooled SD is 0.15.

Fig. 6. Expression of putative pyruvate decarboxylase (PDC) genes for
‘Jonagold’ apple fruit ripened at room temperature performed by semi-
quantitative reverse transcription–polymerase chain reaction. The values are
based on spot density relative to maximum value. 18S ribosomal RNA was
used as a control. All data are normalized relative to control gene spot
density. The control gene spot density ranged between 0.78 and 0.98. Each
symbol represents the average of two replications. The average pooled SD is
0.10.

Fig. 7. Expression of putative threonine deaminase (TD) genes for ‘Jonagold’
apple fruit ripened at room temperature performed by semiquantitative
reverse transcription–polymerase chain reaction. The value is based on spot
density relative to maximum value. 18S ribosomal RNA was used as a control.
All data are normalized relative to control gene spot density. The control gene
spot density ranged between 0.78 and 0.98.
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et al., 1992). However, our numbers did not agree with the data
from Wu et al. (2007) for a ‘Jonagold’ juice extract, in which
alanine (25%) had the highest proportion followed by serine (6%),
glutamine (5%), and asparagine (5%). However, aspartate and
glutamate levels were not reported in this study. Differences in our
results may be related to the stage of development when the fruit
was examined, the extraction method for free amino acids, or the
fact that the data for aspartate and glutamate were not reported in
the cited study.

Five amino acids, asparagine, lysine, threonine, methionine,
and isoleucine (through threonine), are synthesized from aspar-
tate, which originates from oxaloacetate from the TCA cycle in
the mitochondria (Azevedo et al., 1997; Bartlem et al., 2000;
Coruzzi and Last, 2000). With the exception of isoleucine, the
concomitant decline in aspartate and its products asparagine,
lysine, threonine, and methionine is consistent with their
linkages with aspartate metabolism. Even so, the lysine pattern
was somewhat different from that of the other aspartate-derived
amino acids, perhaps because lysine biosynthesis is considered
to be strongly regulated by itself without affecting the flux of
the aspartate pathway (Azevedo et al., 1997). The increase in
isoleucine, despite a decrease in threonine, is difficult to explain.
Increasing isoleucine and depletion of threonine could result from
an increase in the activity of TD. However, the lack of an increase
in TD expression would suggest that simple genetic regulation at
this step is not responsible. Protein synthesis remains highly active
in ripening fruit (Frenkel et al., 1968), so it seems unlikely that
isoleucine would accumulate preferentially as a result of a decline
in its incorporation in proteins or enhanced proteolysis. Given that
isoleucine inhibits the activity of TD in plants (Mourad and King,
1995), it is not clear how isoleucine was able to accumulate and
threonine to decline. Generally, suppression of a step in a meta-
bolic pathway leads to the accumulation of intermediates in earlier
steps. For instance, Bartlem et al. (2000) observed that the in-
hibiting threonine synthesis caused the methionine accumulation
in arabidopsis.

Isoleucine and the other BCAAs are products of an amino-
transferase reaction in which glutamate acts as a donor to trans-
fer its amino group to BC a-keto acids to form the BCAAs and
a-ketoglutarate (Goto et al., 2003). In this way, glutamate con-
tributes to the synthesis of valine, isoleucine, and leucine from
a-ketoisovalerate, a-keto-b-methylvalerate, and a-ketoisocaproate,
respectively. Our data show that glutamate decreases as
‘Jonagold’ fruit ripen. However, the decrease in glutamate was
not reflected by declines in any of the three BCAAs, suggesting
that glutamate was likely not limiting to the aminotransferase
reactions. That being said, it can be deduced that glutamate
levels did not promote transferase reactions. In fact, according
to Tewari et al. (2000), the formation of the BC a-keto acid is
energetically favored over the BCAA in the BCAT reaction.
Similarly, Gonda et al. (2010) found that CmBCAT1 from
melon (Cucumis melo) converted isoleucine and leucine to
a-keto-b-methylvalerate and a-ketoisovalerate, respectively,
and vice versa, indicating that the enzyme carries out a freely
reversible reaction. Therefore, to explain the accumulation of
isoleucine, the decline in glutamate would have to be balanced by
a significant increase in the content of a-keto-b-methylvalerate or
a marked decline in a-ketoglutarate. To our knowledge, changes
in the levels of these metabolites during apple fruit ripening have
not been determined. However, Aharoni et al. (2002) determined
that a-ketoglutarate declined severalfold during fruit ripening in
strawberry (Fragaria ·ananassa).

The greater than 20-fold increase in isoleucine content found
in this study was similar to that found in ‘Greensleeves’ apples,
which experience a more than 10-fold increase in isoleucine during
ripening (Defilippi et al., 2005). Nie et al. (2005) also observed the
increase in isoleucine during apple ripening in ‘Starkrimson’. The
data from our study and these two previous studies indicate that
biosynthesis of isoleucine outpaces its catabolism.

Because 2-methylbutyl BC esters in apple appear to be formed
from the dehydrogenation and decarboxylation of a-keto-
b-methylvalerate (Gonda et al., 2010), 2-methylbutyl BC esters
may be considered a byproduct of a-keto-b-methylvalerate
metabolism. Viewing BC ester formation in apple as a function
of BC a-keto acid synthesis, rather than BCAA degradation, runs
counter to the way BC ester formation is often described. Inves-
tigators have suggested that isoleucine is converted into a-keto-
b-methylvalerate through BCAT, thereby facilitating BC ester
formation (Gonda et al., 2010; Pérez et al., 2002; Rowan et al.,
1996). However, as noted previously, isoleucine levels increase,
rather than decrease, reflecting net synthesis rather than net deg-
radation or depletion.

There are three pathways reported to synthesize a-keto-
b-methylvalerate and its product, isoleucine, through alternative
routes of a-ketobutyrate synthesis that do not involve threonine
deamination. In arabidopsis, methionine-g-lyase activity may
produce a-ketobutyrate from methionine (Joshi and Jander,
2009; Rebéillé et al., 2006). A second pathway has been found
in yeast in which cystathionine-g-lyase (Cys3) produces
a-ketobutyrate from cystathionine through cysteine biosynthe-
sis (Ono et al., 1999). The third pathway for isoleucine
biosynthesis has been described in Methanococcus jannaschii
and Leptospira interrogans bacteria (Drevland et al., 2007;
Howell et al., 1999; Westfall et al., 1983; Xu et al., 2004). In this
pathway, acetyl-CoA and pyruvate are substrates for the forma-
tion of citramalic acid by citramalate synthase (CIM), which is
a member of the IPMS family (Fig. 1). Citramalate, in turn, is then
converted to a-ketobutyrate. This ‘‘citramalate pathway’’ has not
been conclusively demonstrated in plants and yeast, but data exist
to support this possibility (Textor et al., 2007; Vollbrecht, 1974).
Furthermore, detailed isotope labeling studies point to the possible
existence of a novel pathway of fatty acid biosynthesis for sugar
esters in members of the Solanaceae [e.g., tobacco (Nicotiana
tabacum) and petunia (Petunia ·hybrida)] led to the suggestion
that some plants may possess CIM activity in specialized tissues
(Kroumova and Wagner, 2003). Interestingly, Hulme (1954)
isolated citramalic acid from the peel of the mature apple fruit.
It was postulated that citramalic acid participated in the TCA
cycle, although no data supported this suggestion. If the production
of a-keto-b-methylvalerate and its product, isoleucine, occurs
through the citramalate synthase pathway or one of the other
alternative pathways mentioned, it would explain the unique and
unexpected accumulation of isoleucine during ‘Jonagold’
ripening. Isoleucine normally inhibits its own accumulation by
feedback inhibition of TD (Mourad and King, 1995) and
alternative routes of synthesis may not be similarly regulated.

In plants, TD activity is required for autotrophy in Nicotiana
plumbaginifolia (Sidorov et al., 1981) and autotrophy was re-
stored in an isoleucine-requiring Nicotiana TD mutant (ILE401)
with a yeast TD gene (ILV1) in a complementation study (Colau
et al., 1987). These data suggest that threonine degradation is the
sole pathway for isoleucine biosynthesis in some plant tissues.
Thus, Schaffer et al. (2007) suggested that TD contributes to the
regulation of BC ester production by controlling threonine
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degradation and entry of carbon into the isoleucine synthetic
pathway based on the upregulation of one of three TD ESTs
(CN878598) in ripening apple. However, our TD expression data
are not in accord with the findings by Schaffer et al. (2007), which
would imply the converse of their interpretation, although re-
alistically, little can be concluded regarding TD activity in vivo.
The only related data from the current study are the difficult to
reconcile increasing isoleucine content with the known feedback
inhibition of TD by isoleucine. Inhibition of TD by isoleucine
should yield accumulation of threonine (Mourad and King, 1995).

PDC1 gene expression was low in preclimacteric fruit, in-
creased during ripening, and remained elevated or increased
slightly even during the latter stages of senescence. PDC1 was
the only one of the five PDC genes that had an expression pattern
that, by virtue of its timing and degree, may be induced by the rip-
ening process and associated with ester formation. However, the
function of apple PDCs have not been characterized and a conclu-
sive relationship to ester synthesis awaits further study. It is pos-
sible that one or more PDC may metabolize BC a-keto acids. The
idea that one or two PDC isozymes could have sufficient spec-
ificity to be primarily responsible for decarboxylation of BC
a-keto acids is supported by findings in yeast [Saccharomyces
cerevisiae (Dickinson et al., 1997, 1998, 2000; Yoshimoto et al.,
2001)]. Dickinson et al. (1997, 1998, 2000) concluded that a
single PDC-like enzyme (a product of the gene YDL080c) is
likely responsible for leucine catabolism and two other isozymes
of PDC are used for valine and isoleucine degradation.

Unfortunately, branched-chain a-ketoacid decarboxylases
(PDCs) are poorly studied in higher plants and little information
is found characterizing PDC genes relative to ester formation. In
fruit, PDC gene expression pattern was studied in developing
grape berries (Or et al., 2000) and the crude extract of PDC
activity was measured during maturation of strawberry and ‘Fuji’
apple (Echeverrı́a et al., 2004; Moyano et al., 2004). The main
purpose of these studies was to relate PDC activity and expression
to ethanol production under anaerobic conditions or to the
formation of ethanol-derived esters such as ethyl esters, not for
BCAA metabolism. In the present study, the pattern of ethyl ester
formation in ‘Jonagold’ appeared to reflect the pattern of only
PDC1 expression, however, despite ethyl esters being found only
at low levels (data not shown). The relatively high PDC1 ex-
pression in ‘Jonagold’ and the low ethyl ester production argue
against a causative relationship between the expression of the
gene and ethanol metabolism per se. The relevance of the changes
in PDC expression relative to the production of 2-methylbutyl
and 2-methylbutanoate esters by ‘Jonagold’ apple fruit cannot
be elaborated at this time and clarification of its role awaits
characterization of the various apple PDC enzymes.

Conclusion

Collectively, the data support reassessing the perspective
that the precursors for ester biosynthesis result from primarily
degradative processes. In particular, the data surrounding iso-
leucine metabolism provide indications of enhanced synthetic
activity. Importantly, the findings here may point to the
existence of an alternative route of synthesis of a-keto-
b-methylvalerate and its product, isoleucine. This possibility
is supported by the large and sustained increase in isoleucine
content despite declines in the concentrations of its amino acid
precursors, the apparent lack of feedback inhibition to control
the accumulation of isoleucine, and the lack of patterns in the

expression of BCAT and TD genes that parallel isoleucine
accumulation and BC ester formation. Furthermore, the pres-
ence of citramalate in apple and the potential for its contribution
to the synthesis of a-ketobutyrate formation provides a rationale
supporting the existence of a citramalate-based pathway for
the formation of a-keto-b-methylvalerate and its product,
isoleucine, that is not feedback-regulated similarly to that in
bacteria. We propose that an alternative ‘‘citramalate pathway’’
exists in apple that bypasses threonine and permits the rapid and
extensive accumulation of isoleucine through enhanced forma-
tion of a-keto-b-methylvalerate. Given the coincidental timing
of increased isoleucine formation with changes in internal
ethylene and respiratory activity, it seems likely that if the
citramalate pathway is active in apple fruit, it may be influenced
by ethylene or is dependent on other developmental cues asso-
ciated with ripening.
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